Direct numerical simulation is used to understand the flow over ripple-shaped random rough elements. The random roughness has been generated using the model for sand ripples consisting of saltation, creep and suspension processes. A set of metrics based on both the geometrical and statistical properties of roughness was derived to characterize random roughness. The eight cases that have been studied with varied asymmetric distribution and "peakedness" as specified by the skewness and kurtosis of the height distribution varying from 0.28 to 0.7, and from 1.8 to 2.2, respectively. Analogous to λ/h for canonical (regular) roughness, λ avg /h max was selected as the geometrical parameter to characterize the surface, ranging from 4 to 26. The results have revealed that roughness significantly alters the mean velocity as well as turbulence in the inner layer. The outer layer is relatively unaffected due to the presence of roughness. The results further revealed that roughness distribution that is symmetric and which is well spread out has a stronger influence on the mean flow in the near-wall flow region. Altering the λ avg /h max affects the skewness and kurtosis of the height distribution, which are the important metrics to quantify the mean flow over a rough wall with random rough elements. The peak turbulence intensities increased with increasing λ avg /h max , however its effect on rms of the velocity fluctuations was confined to a region very close to the rough wall. Similar to mean flow, a symmetrical and a well-spread roughness distribution resulted in more energetic turbulent structures, stronger near-wall vortices, and increased turbulence activity. A similar trend was observed for the small scale features of the turbulent flow as seen from the vorticity fluctuations. To characterize turbulent flow over random rough surface of given maximum height, the geometrical parameter λ avg /h max as well as statistical parameters, the skewness and kurtosis are important metrics to be considered. C 2012 American Institute of Physics. [http://dx
I. INTRODUCTION
An accurate understanding of flow over ripples is of significant consequence to the coastal community due to its implications in mixing and sediment transport as well as surface wave dissipation in coastal zones. However, our current understanding of turbulent flow over ripples is extremely limited due to various uncertainties; from a fluid dynamics perspective, an important limiting factor is that the rippled surface is extremely irregular or random in nature. Turbulent flow over rough surface is itself fraught with complications, and the presence of randomness or irregularities adds to the complexity of the problem.
Most of our current insight of flow over ripples stems from experimental findings. Hudson et al. 1 studied steady flow over ripples and divided the flow into an outer region that was weakly affected by the presence of the ripples, and an inner region where the flow was significantly modified. Although the majority of studies of turbulent flow over rippled beds have been experimental, a number of numerical studies have also been reported in the literature. Large-eddy simulations a) E-mail: kiran.bhaganagar@utsa.edu.
1070-6631/2012/24(11)/115102/22/$30.00 C 2012 American Institute of Physics 24, 115102-1 (LES) was used to simulate ripples, 2, 3 explored a wider parametric space, and provided a wealth of new information on the physics of these flows under steady conditions. The first direct numerical simulation (DNS) was performed by Maab and Schumann; 4 however, it was limited to a wavy boundary. This limitation was overcome in a more recent study of Bhaganagar and Hsu. 5 They performed DNS on two-dimensional and three-dimensional ripples for flow over rough surface. A novel immersed boundary method was used to introduce the roughness with a capability to handle complex surface geometry. In most of these studies, the ripple profiles are generally characterized by a sinusoidal or parabolic shape, height, and wavelength (spacing or distance between peaks), thus restricting to regular, canonical shaped ripples.
To date, the studies of flows over random roughness are very sparse. Experimental work 6 and numerical studies 7 have been performed to study random roughness, however, most of these studies are limited to randomness in roughness height only. Mulhearn and Finnigan 8 performed an experimental investigation of flow over random surface with fair degree of randomness in shape, size, and distribution of its elements. Mignot et al. 9 experimentally investigated the flow over a gravel bed in a river flow. The heterogeneity of a gravel bed associated with the absence of any periodicity in bed elevation is in strong contrast to k-or d-type roughness. Strong spatial variability of all time-averaged flow quantities was found and attributed to the bed zones consisting of regions of large gravel clusters and other regions of more densely packed homogenous gravel. Oftentimes the roughness may be irregular and strong enough to affect the boundary layer properties beyond the inner layer. In this case, the normal log-law region is generally not self-preserving, and may not exist at all. Subramanian et al. 10 concluded that a severe roughness can diminish the viscous friction effects to a point where the friction velocity scaling law cannot describe the flow.
The existing numerical and experimental results clearly indicate that to make a progress in our current understanding of flow over ripples, the following are the important issues that need to be addressed:
(i) Realistic representation of the ripple patterns in computational simulation. Representation of ripples in regular patters (e.g., sinusoidal bump) is insufficient. (ii) Obtain well-defined metrics to characterize the random surface. (iii) Understand the differences in the flow statistics and turbulence structures between the random surface and a smooth surface and obtain classification of flow over random rough surface.
For a rough surface, the traditional classification was based on the assumption that the loss of energy in turbulent flow over a rough surface is largely due to the formation of wakes behind each roughness element. Under this concept, the ratio of λ/k has emerged as a classification parameter (λ and k are the streamwise spacing and height of the roughness element, respectively); flow over rough surfaces can be classified as isolated-roughness flow, wake-interface flow, and quasi-smooth. Commonly used terminology associated with these flow classification corresponds to k-type (λ/k > 4), intermediate (2 < λ/k < 4), and d-type (λ/k < 2) roughness, respectively. For k-type roughness, the works of Cui et al., 11 Perry et al., 12 Hyun et al., 13 Leonardi et al., 14 and Djenidi et al. 15 have shown that mean flow detaches from the roughness elements, and it reattaches ahead of the next roughness element with the presence of strong recirculation zone. The existence of the reattachment point plays an important role in the generation of the turbulence structures of scale comparable to the roughness height, k, which are shed into the flow, and then diffused into the shear layer. The turbulence, inner/outer interactions, and the features of the mean velocity profile (e.g., location of maximum mean velocity) are strongly dependent on the spacing to the height ratio (λ/k). For d-type roughness, stable vortices form within the roughness grooves, and there are no strong eddies being ejected into the boundary layer. Recent DNS study of Leonardi et al. 16 also found that friction drag dominated over form drag for d-type roughness. For a d-type roughness, the streamwise turbulence intensity is comparable to that of a smooth wall, while the turbulence intensity in the wall-normal directions increases. 11, 15 In this research study, we are interested in understanding the effect of λ/k for random roughness within the context of ripples. The objectives of the current study are (a) to use the model of sand ripple generation to numerically generated ripple-shaped random rough surfaces, (b) to quantify the roughness based on statistical parameters, (c) to understand the differences between flow over smooth surface and flow over random rough surface for a range of λ/k. Direct numerical simulation tool developed by Bhaganagar et al. 17 is used to simulate flow in a channel with a lower wall covered with irregular or random ripple-shaped surface and a smooth upper wall. The simulations have been performed at Reynolds number (scaled with smooth wall friction velocity) of 180. Section II discusses the details of generation of three-dimensional random ripples based on model for sand ripple generation and the details of DNS tool; Sec. III discusses the geometrical and statistical parameters for classifying the random roughness. The results are presented in Sec. IV and the conclusions are presented in Sec. V.
II. METHODOLOGY

A. Generation of three-dimensional random ripples
The creation of a ripple-shaped random roughness will be based on a model for sand ripples. The transport of sand grains is governed by three processes, namely, saltation, creep, and suspension. 18 The saltation process consists of grain particles being launched from the bed, traveling some jump distance, landing at some location, and then perhaps rebounding back into the air and/or putting other particles into motion. Creep is the process of grains rolling while maintaining contact with the bed surface and may be caused by gravity, an impact from another particle, or a failure to satisfy the threshold for saltation, most likely due to low shear velocity or large particle size. Suspension is the process of particles being launched from the bed and ultimately dispersing into the air. Nishimori and Ouchi 19 proposed a simple numerical model for the formation of ripple patterns that only consider the first two processes. The rationale for not including the suspension process is that sand grains that remain in the air have no effect on ripple formation.
The model is discrete in space and time and begins by assigning a random value between 0 and 1 to each grid point on the computational domain to replicate a rough, but flat, sand bed. Initially, the surface height at the forthcoming time step (denoted by the prime symbol) is set equal to the desired maximum surface height, i.e.,
The saltation process is modeled by applying the following equations:
where q s (x, z) is the transferred height of grains corresponding to the quantity of sand particles undergoing the saltation process at the current grid point, and l sx and l sz are the jump distances that the grains travel in the streamwise and spanwise direction, respectively. We note that the saltation process obeys a simple mass conservation law; i.e., the amount of sand being subtracted at one point is equal to the amount of sand being added at another point, and that periodicity is enforced whenever x + l sx or z + l sz extend outside of the domain. The value of q s at each grid point is
where q 0 is a constant that functions as a base value for q s (x, z), c is a constant that controls the dependence of q s (x, z) on g(x, z), and g(x, z) is a function of the slope of the bed surface at (x, z), defined as
The purpose of g(x, z) is to increase q s (x, z) when (x, z) corresponds to a location with a steep slope on the stoss side of a ripple (positive defined as
where l 0x and l 0z are constants that are analogous to wind strength in their respective direction, b x and b z are constants that relate jump distance with surface height (grains at a higher elevation will tend to have larger jump distances), and a x and a z are constants that relate jump distance with position relative to the ripple (grains on the stoss side will not be able to jump as far as grains on the lee side due to the likelihood of the bed surface obstructing the saltation trajectory). For the sake of simplicity, the model only considers creep due to gravity. The process is described by
where the first summation is over the four adjacent grid points surrounding (x, z), the second summation is over the four diagonally adjacent grid points. The tendency is for Eq. (8) to slightly flatten the features of the bed surface by raising or lowering the bed surface at (x, z) based on its height relative to its neighboring points. The constant, D, controls the extent to which this process occurs. One time step constitutes the simulation of both saltation and creep processes at each grid point. Taking an iteration to be with respect to time, Figure 1 shows the evolution from the initial bed surface to the formation of ripples through ripple growth/merger. 
B. Direct numerical simulation
The DNS tool has been developed and well validated; we present brief details of the tool for completeness. The Navier-Stokes equations are expressed in the vertical velocity and vertical vorticity equations. In this formulation, the vertical component of the curl of the Navier Stokes equations results in an evolution equation for the vertical vorticity. Application of the Laplace operator to the momentum equation for the normal component of velocity yields an equation for that component through the use of the momentum and the pressure Poisson equations. The resulting equations are a second order evolution equation for vertical vorticity, and a fourth-order evolution equation for vertical velocity. The vertical velocity and vertical vorticity formulation has been used because of its advantage of eliminating the pressure term from the Navier-Stokes equations while requiring the solution of only two governing equations, namely, an evolution equation for the Laplacian of the vertical velocity and an evolution equation for the vertical vorticity. In the horizontal directions, the spatial discretization is done using Fourier series expansion, and in the wall-normal direction the flow is inhomogenous, and the roughness needs to be well resolved. Hence, high resolution compact finite differences with spectral-like resolution have been used to obtain the spatial derivatives.
To avoid stringent time step restrictions, semi-implicit time integration has been implemented to integrate the resultant discretized equations. For the nonlinear terms, an explicit low-storage, three-stage, fourth-order Runge-Kutta scheme has been used and for the linear viscous terms, an implicit Crank-Nicholson scheme has been used. The solution at the end of each time step is the sum of the solution of the explicit part and the implicit part. Refer to Ref. 20 for the details of the formulation of low storage Runge-Kutta time integration scheme. Please refer to Ref. 5 for details of the formulation of the fourth-order Navier Stokes equations, with additional references on the spatial and temporal discretization.
The roughness elements are introduced into the domain using a direct forcing immersed boundary method, 21 so that the simplicity and efficiency of computation in a Cartesian system is retained. The equations of fluid motion are calculated on the regular geometry of a periodic channel. The immersed no-slip boundary is prescribed via a body force term in the momentum equations.
DNS has been performed for a steady flow over random rough surface in channel geometry. The simulations have been performed with constant pressure gradient. The streamwise and spanwise domain is 12.56h and 4.18h, respectively, where h is the half height of the channel. The upper surface of the channel is flat (we refer to as the smooth side) and the random rough elements are imposed on the lower surface. The roughness elements have a height from crest to trough of 0.12h. In the wall-normal direction, non-uniform mesh was used. In terms of the wall units based on rough wall u τ , the grid spacing is in the range of 0.94-1.6 wall units adjacent to the virtual no-slip surface, and in the range of 6-10 wall units at the centerline. In the horizontal directions, the streamwise and spanwise grid spacing for different cases varied from 11 to 20 wall units and from 4 to 8 wall units, respectively.
The spatial discretization used 256 streamwise Fourier modes, 257 wall-normal compact finitedifference grid points of fourth-order accuracy and 256 spanwise Fourier modes. Turbulent initial conditions were imposed for the entire computational domain and the simulations were performed for sufficiently long time (100 non-dimensional time units based on channel half height and u τ ) until converged statistics were obtained. Simulations were performed on a parallel super-computing cluster consisting of 128 nodes with wall-clock time of 2 days. The mean statistics were obtained from streamwise and spanwise averaging for at least 100 non-dimensional time units.
The DNS code that has been used in the present study is a well established, reliable, and an accurate numerical tool. The DNS tool has been validated to ensure that (a) we are solving the equations right, and (b) we are solving the right equations. For the former, grid resolution tests (to test the order of accuracy of the spatial discretization), time step stability tests (to test the convergence of the numerical solution), two point correlations tests (domain is large enough so that two point correlations of the velocity measurements is zero) have been conducted. For the latter, we have validated our results with existing data in our previous studies, and we present these validation tests for completeness. Bhaganagar et al. 17 developed DNS tool to study flow over egg carton roughness. To validate the tool, we compare our U + with experimental measurements for screen roughness, bar roughness, and sand-grain roughness of Raupach et al. 22 For our h+ of 21.6, the corresponding U + is around 6.0, which is close to the value of 6.4 observed here. Ashrfian and Andersson 23 obtained U + of 7.0 for a 2D spanwise roughness of height 0.034δ, which is higher than that given by our 3D simulations, although not appreciably. Bhaganagar and Hsu 5 use the DNS to understand the implications of 2D and 3D wavy surfaces on sediment transport. We demonstrate that for fully rough case (equivalent sand grain roughness is greater than 70, the calculated k s (30z o ) is around 50% of ripple height, which is consistent with field observations. We also demonstrated the bulk velocity measurements were consistent with experimental data of Fredsøe et al. 24 Further, we consider a fine grain sand to demonstrate that the bottom stresses on the lee side of the ripples are small due to flow separation. Their physics are consistent with observations of Baas and Koning, 25 thus demonstrating the accuracy of the DNS data that have been generated from the simulations. Bhaganagar 26 modified the above DNS tool for unsteady forcing over rough walls. This was a seminal contribution in the area of unsteady flows, where the phenomena of resonance due to vortex shedding from roughness elements was first explained for high frequency forcings. The resonance phenomena observed by Bandyopadhyay 27 was captured for high frequency forcing thus serving as a strong validation of the flow physics that has been captured using the DNS. Bhaganagar and Juttijudata 28 performed proper orthogonal decomposition to capture the resonance frequency of shedding vortices, showed that the physics matched with the results of Manhart and Wangle, 29 thus demonstrating the reliability of the DNS data that have been generated.
III. METRICS
Characterizing rough surfaces is important for understanding the properties of the surface, as well as for being able to describe and classify the surface using a set of parameters or metrics. The latter point is especially important in regard to flow over rough surfaces due to the wide variety of surfaces encountered in natural environments.
A. Geometrical metrics for characterizing random rough surfaces
Certain surfaces can be well defined by a set of basic parameters such as roughness height, roughness spacing, and roughness shape. So far, for k-and d-type flows over 2D square ribs, the ratio of roughness spacing to roughness height (λ/h) has emerged as the only parameter required for characterizing the roughness. A basic parameter in the same vein can be used to describe the random surfaces. For the case of regular ripple surface, it is straightforward to compute the parameter λ/h due to the presence of periodic ripples with constant height. However, the variations in spacing and height seen in the random surfaces require computation of an equivalent roughness height and equivalent streamwise spacing. Recent works of Flack and Schultz. 30 have revealed the average peak-valley height as a suitable parameter for random roughness. For this purpose, the equivalent roughness height is defined as the distance from the average pit height to the average peak height, where peaks and pits are defined as local maxima and minima, respectively, at each streamwise/spanwise location.
B. Statistical metrics for characterizing random rough surfaces
For random surface, statistical methods are a popular choice for this type of surface. Basic amplitude properties include probability density distribution, arithmetic mean height, root-meansquare (rms) deviation, skewness, and kurtosis of roughness height. These values are calculated relative to a reference datum, such as the bottom of the channel or a least-squares mean plane. Relative to the latter, the resulting residual surface has a mean value of zero and the sum of all surface heights relative to the least-squares plane is also zero. Additional details may be found in Ref. 31 . The least-squares mean plane is defined as a plane such that the sum of the squares of asperity departures from this plane is a minimum. For a given rough surface, h(x, z), its linear or first order least-squares mean plane is defined by
where a, b, and c are coefficients to be solved from the topographic data. The sum of the squares of the asperity departures from this plane is then given by
where N and M are the number of grid points in the spanwise and streamwise direction, respectively. The residual surface, η(x, z), is finally obtained by subtracting the least-squares datum plane from the original surface. For each surface, the dispersion of the surface, the asymmetry of the height distribution, and the peakedness of the height distribution are estimated by computing the mean, standard deviation, skewness, and kurtosis of the rough surface relative to the bottom surface as well as relative to the least-squares mean plane.
The calculated parameters for all of the random surfaces are found in Table I . The probability density distribution of each surface, along with a view of each surface in the streamwise-spanwise plane, is presented in Fig. 3 .
IV. RESULTS
DNS was performed to simulate flow over ripple-shaped random roughness for the cases generated in Sec. III (see Table I ). The simulations were performed at Re τ = 180 for eight different surfaces, with λ avg /h max ranging from 4 to 26. The maximum roughness height (h/δ) has been fixed constant for all the cases to be 0.12. The mean roughness height ranged from 0.0366 to 0.0426. Note that in the results section the notations λ avg /h max and λ/h have been used interchangeably.
A. Turbulence statistics
Mean velocity profiles scaled by smooth-wall u τ for flows over eight random surfaces with λ avg /h max ranging from 4 to 26 are shown in Figure 4 . The roughness results in the shift of the maximum mean velocity to the upper half of the channel. Shift of this centerline, referred to as the virtual centerline, from the channel centerline is roughly a linear function of λ avg /h max .
The mean velocity plotted in wall units for the rough wall and the smooth wall is shown in Figure 5 (a). The roughness produces an expected downward shift in U + . The amount of the downward shift varies with the λ avg /h max parameter, with U + varying from 6 to 6.9, the variation is not in a monotonic manner, but with the largest shift at λ/h = 12 and lowest shift at λ/h = 26. The mean velocity defect normalized by local u τ for the rough wall compared to the smooth wall is seen in Figure 5 (b). When the wall-normal distance was normalized by δ t (the distance from the wall to the location of minimum streamwise rms fluctuations), all solutions were found to nearly collapse. The outer region is independent of λ/h. Identification of different flow regimes based on λ/h may be further investigated by closely examining the roughness function, U + . The studies of Ryu et al., 32 Orlandi et al. 33 and Leonardi et al. 14 have shown that there are large differences in U + depending on the geometrical shape of the roughness. Thus, it is not realistic to uncover the dependence of U + on a set of geometrical parameters that would account for all rough surfaces.
The rough surfaces studied in this research can be described as somewhere between triangular ribs and a wavy (sinusoidal) wall. Compared to 2D square ribs, 2D triangular ribs generally have a larger roughness function for small λ/h and a slightly smaller roughness function for all intermediate and large values of λ/h (i.e., λ/h > 7), while flow over wavy walls has a significantly smaller roughness function for all λ/h. 32 For flow over any kind of rib-style roughness, it is almost universally agreed upon that the roughness function is maximized for λ/h somewhere between 7 and 10.
The roughness function for all cases in this study plotted against λ/h is shown in Figure 6 . For comparison, selected data from other studies over square and triangular ribs, as well as rough beds, are included. Based on the results of Ryu et al., 32 which studied turbulent flow over rib roughness of various geometrical shapes, the roughness functions computed in this study did indeed fall in between those for flow over triangular ribs and flow over a wavy wall. However, the Reynolds number for that study was larger than this study by a factor of 2.5. When compared to studies with more comparable Reynolds numbers, the results of this study did indicate a lower roughness function (except for small λ/h) when compared to flow over 2D square ribs (see solid black line of Figure 6 ). For λ/h < 3, the roughness function for this study is larger (comparative data from Ref. 14 not shown). Limited previous data for flow over 2D triangular ribs are inconclusive regarding the roughness function for small λ/h. However, the results of this study are within reasonable agreement with Orlandi et al. 33 Comparisons to densely packed sphere or "egg-carton" rough surfaces suggest that they are statistically similar to cases with very large λ/h. Even at large λ/h, it would appear that triangular ribs more closely approximate the surfaces in this study than by a wavy wall.
We next look at the turbulence intensities. The rms of the streamwise velocity fluctuations normalized by the smooth-wall friction velocity is presented in Figure 7 . As expected, roughness enhances the peak turbulence intensities. Scaled in this manner, the magnitude of the peak velocity increases with increasing value of λ/h. A weakly linear relation is also observed for the location of the minimum values of rms. The streamwise turbulent intensities normalized by their corresponding rough-wall friction velocity and plotted against wall units is presented in Figure 8 for the near-wall region. Scaled in this manner, the rough wall peaks for all cases are lower compared to the smooth wall peak. Additionally, the rough wall peak is now seen to increase linearly with λ/h as seen in Fig. 9(a) . On examining the location of the rough wall peak in wall units, the location moves towards the wall with increasing λ/h for λ/h < 12, however, it remains nearly constant for λ/h > 12, as seen in Figure 9 (b). The wall-normal turbulent intensities for flow over random surfaces are seen in Figure 10 . Normalizing by smooth wall u τ yielded roughly three different regimes, as seen in Figure 10 (a). Distributions for 4 < λ/h < 9, λ/h = 12, and 17 < λ/h < 26 were found to be similar, and the location for minimum rms was seen to be approximately the same for 4 < λ/h < 9 or 12 < λ/h < 26. Normalizing by the rough wall friction velocity brought the peak values all to within 95% of each other, as seen in Figure 10 (b). Spanwise turbulent intensities exhibits similar behavior, as seen in Figure 11 . The magnitude of w rms increases with decreasing λ/h for small spacing. When normalized by rough wall u τ the differences w rms are within 90% of each other. Next, in order to understand the small scale features of turbulence, we analyze the statistics of vorticity fluctuations. As seen in Figure 12 , the vorticity is higher near the rough wall compared to the smooth wall for all three vorticity components. Compared to their smooth wall counterparts, the peak magnitude of streamwise component increases by approximately 100%, whereas the wallnormal and spanwise components only increases by roughly 40% and 67%, respectively. Surfaces with small λ/h ratios increase the vorticity at the rough wall by a greater margin compared to those surfaces with larger λ/h.
The rms of vorticity fluctuations scaled by the rough wall friction velocity is shown in Figure 13 . The differences between the rough and smooth wall solutions indicate that the outer layer was not significantly affected. Peak values for streamwise and wall-normal vorticity at the rough wall decreased with increasing λ/h. The peak values for the spanwise component were within 90% of each other, although no significant trend regarding the peaks and λ/h was observed.
B. Turbulence structures
We next look into the turbulence structures. Figures 14(a)-14(c) show the instantaneous streamwise component of the velocity field in the x-y plane for the cases corresponding to λ/h = 4, 9, and 20, respectively. The streamwise velocity is intense and extend to a larger wall-normal distance on the rough-wall side compared to the smooth-wall side for all the cases. Differences in the stuctures due to λ/h are evident. When λ/h > 9 distinct shear layers in the wall-region are present (e.g., see Fig. 14(c) ). In the wall-region surrounding the roughness, shear layers are formed due to the surrounding higher speed fluid impacting the low momentum fluid. As a portion of the low momentum fluids lifts in an ejection, an intense shear layer forms along the upstream face of the ejection. The high streamwise velocity gradients required for the lift up is being produced by the severe near-wall mean velocity gradients. Near the roughness bumps, the roll-up of the near-wall shear layer lift up is the characteristic feature present. When λ/h < 9, instead of shear layer lift up, concentrated high velocity regions are evident in region above the roughness (see, e.g., Fig. 14(a) ), the height of this region increases with increasing λ/h. A transition from this regime to shear layer lift up is evident in Fig. 14(b) . Figures 15(a)-15(c) show the contours of the v component for λ/h = 4, 9, and 20, respectively. The corresponding w components of velocity are shown in Figs. 16(a)-16(c) . Both the v and w components are more intense and extend to larger wall-normal distance on the rough-wall side compared to the smooth-wall side. The v structures are more elongated in the wall-normal direction for λ/h > 9 (see Fig. 15(c) ). When λ/h < 9, the v structures are more isotropic. When λ/h > 9, in the near-wall region, w structures with alternating positive and negative patterns that are inclined to the wall are present (see Fig. 16(c) ). When λ/h < 9, the clear alternating pattern observed above is not evident, and the near-wall region is filled with intense activity (see Fig. 16(a) ), and the intensity reduces with increasing λ/h. The structure of the w component of velocity indicate an increased inclination of the flow structures. The most defined structures scaled approximately with the roughness spacing. In conclusion, the turbulence structures have revealed two distinct patterns for small and large λ/h spacing. When λ/h > 9, the near-wall structures resemble features similar to those observed by Bhaganagar et al. for egg carton roughness 17 and Leonardi et al. 14 for idealized and regular roughness elements. On the other hand, when λ/h < 9, the roughness sees the flow as region of disorganized and highly intense activity in the near-wall region, the size of this region is dependent on λ/h. smooth side of the channel, whereas at the same wall-normal distance the streaks look significantly different when λ/h < 9 (see Fig. 17(a) ). An alternating pattern of positive negative fluctuations are visible, however, they are of smaller scale compared to smooth side counterparts, suggesting roughness results in breaking down of these streaky patterns. When λ/h > 9, elongated structures are evident. The comparison at 80 wall units above the smooth and rough walls indicates that the roughness still had some effect on the organization of the flow at this point (figure not shown). However, there is no organization at that location above the smooth wall.
Contour plots of instantaneous streamwise velocity superimposed on the v-w velocity vectors in the y-z plane are analyzed. Figure 18 shows the structures for the case λ/h = 4, 9, and 20, respectively. For all the cases, the near-wall streamwise vortices are much stronger in both size and intensity at the rough-wall side compared to those at the smooth-wall side. Increased turbulence activities with more upwelling of the fluid at the rough-wall side are apparent. For low roughness spacing, the structures are intense and extend above the channel centerline. The vertical extent of these structures decreases with increasing roughness spacing. In Figure 18 (a), the rolls extend almost to the half height of the channel. This is consistent with the turbulent intensities, which showed a slight decrease in peak value near the rough wall as λ/h increases. Figures 19 and 20 show the streamwise, wall-normal, and spanwise vorticity fields in x-y plane for λ/h = 4 and 9, respectively. Enhanced vorticity on the rough-wall side is observed compared to the smooth-wall side for both the cases. The wall-normal vorticity exhibits an irregular pattern of backflow that is present intermittently on the rough-wall side for both the cases (see Figs. 19 (b) and 20(b)). The turbulence near the roughness elements alters the spanwise vorticity on the roughness bumps. Similar to the velocity structures, for λ/h > 9, in additional to the modification of the velocity gradients (as seen from the velocity structures), the roughness kinematics also contributes in enhancing the vorticity. The spanwise vorticity structure shows a dominant shear layer that emanates from the roughness peaks, and which extends to the outer layer of the turbulent boundary layer (see Fig. 20(c) ). On the other hand, for low λ/h, the near-wall region of spanwise vorticity is filled with region on enhanced and high activity layer (see Fig. 19(c) ). The effect of roughness shapes is evident on the wall-normal vorticity (see Figs. 19(b) and 20(b) ). As the spacing increases, the vorticity is less intense.
C. Shear stress and streamlines
Next, we focus on the shear stress distribution. Shear stress when normalized by local u τ shows the location of peak total shear stress occurs at y + ≈ 28 and peak Reynolds stress occurs at y + ≈ 52 for all the rough-wall cases. Thus, indicating that location of the peak turbulence production is not sensitive to the λ/h parameter. To get a better understanding of the stresses, we compute the correlation coefficient of the Reynolds stress, which is defined as
The correlation coefficient is shown for λ/h max = 4 and 12 in Figures 21(a) and 21(b) , respectively. Also shown is the correlation coefficient for rough bed composed of densely packed spheres. 34 Cases with λ/h max < 7 have two near-wall peaks (see Figure 21 spheres. 34 The correlation coefficient is higher compared to the correlation coefficient over a smooth wall, which also exhibits a near-wall peak with a maximum correlation coefficient of 0.45 (figure not shown). On the other hand, as λ/h max increases, the peaks are seen to spread out and the distribution gradually changes with no near-wall peak (see Figure 21(b) ), and the maximum correlation reduces to 0.45, which is comparable to smooth wall correlation coefficient.
Spanwise averaged mean streamlines for λ/h max = 4, 9, and 20 are shown in Figures 22(a)-22(c) , respectively. For λ/h < 9, the flow separates near the roughness crest and flow reattachment occurs on the proximal side of the next roughness element. The valley region is occupied by recirculation region and size of this vortex is proportional to the spacing between the roughness elements. On the other hand, when the spacing is high, i.e., λ/h > 9, the flow separates near the roughness crest location and 
V. CONCLUSIONS
Three-dimensional ripple-shaped random rough surfaces have been generated to resemble sand ripples in coastal systems based on sand ripple model. In this model, the final ripple pattern evolves from the initial condition of random value between 0 and 1 through processes of saltation and creep. For all the eight configurations of the ripple pattern have been generated, the maximum height of the ripple has been kept constant at h/δ = 0.12. The ripple surfaces were defined using statistical and geometrical parameters. Statistical parameters for the surfaces have shown the skewness varied from 0.28 to 0.7 showing the extent of asymmetry in the distribution, the kurtosis varied from 1.8 to 2.2, showing a deviation from a Gaussian surface. Analogous to λ/h for canonical (regular) roughness, λ avg /h max was selected as the geometrical parameter to characterize the surface, ranging from 4 to 26.
Direct numerical simulation for channel with lower-wall covered with roughness and an upper smooth wall was used to simulate the flow at Reynolds number (wall friction velocity) of 180. The DNS tool has been extensively validated and verified for range of applications, including coastal flows. Detailed analysis of the flow statistics and turbulence structures were performed. The primary objective of this paper is to understand the effect of λ avg /h max on flow over ripple-shaped random roughness.
Mean velocity profiles scaled by smooth wall friction velocity shows that the location of the maximum mean velocity shifts towards the smooth wall thus resulting in asymmetry of the velocity profile. The extent of asymmetry in mean velocity profile reduces with increasing λ avg /h max.. Further, the mean velocity profile plotted in wall units showed an expected downward shift in U + for the rough wall with maximum shift for λ avg /h max = 4.0. As the roughness configuration becomes significantly asymmetric and more centrally distributed, the mean velocity tends towards conditions of smooth wall. Thus, suggesting that skewness and kurtosis are important metrics that determine the extent of modifications of the mean flow due to random roughness.
When plotted in outer units, the mean velocity profile of the smooth wall and random rough surfaces collapse, suggesting that presence of random roughness does not alter the outer layer of the mean velocity profile. Only, the inner layer is altered due to random roughness.
The rms of streamwise turbulence intensities scaled by u τ -smooth shows the peak values on the rough wall is higher compared to the smooth-wall side. Further, the peak magnitude increases with increasing λ avg /h max from 2.9 to 3.9. The minimum rms location shifts away from the center of the channel towards the smooth wall, however only a weak relation with λ avg /h max is observed. When u rms is scaled in inner units, the effect of roughness exists for more than 80 wall units, however strong dependency on λ avg /h max is observed only up to 40 wall units. The location of the peak rms is around 30 wall units for λ avg /h max < 5 and it is around 20 wall units for λ avg /h max > 7. The rms of the wall-normal and spanwise turbulence intensities demonstrates weak relation on λ avg /h max . Based on turbulence intensities it is clear that the effect of λ avg /h max is confined to region very close to the rough wall.
We would like to mention that Schultz and Flack 35 by considering closely packed square right pyramids have demonstrated that in the wavy regime-roughness with small slopes (non-steep roughness), the shift of the mean velocity is function of the slope of the roughness. The spacing between the pyramids in their study is much smaller than four (the lowest considered in our study). Based on the mean flow results, it appears the present configuration trends more towards roughness flow regime rather than wavy regime. The roughness function also validates that the roughness that we considered in this study indeed fall in between those for flow over triangular ribs and flow over a wavy wall, but much closer to triangular ribs than to wavy wall. However, to be more conclusive, additional study needs to be undertaken. There is an interesting possibility of studying the roughness regimes described by Schultz and Flack 35 for different skewness/kurtosis parameters. We will undertake this study in the near future.
The turbulence structures for the rough-and the smooth-wall cases revealed significant differences: Roughness increases the intensity of the structures in the near-wall region, the structures extend to a larger wall-normal distance, and in addition to the large-scale structures, smaller organized patterns are observed. The turbulence structures have revealed two distinct patterns for small and large λ/h spacing. When λ/h > 9, the near-wall structures reveal distinct shear layer lift up formed due to the high velocity fluid impacts the low momentum fluid. Further, the v structures are elongated in the wall-normal direction and the w structures are inclined compared to smooth wall structures. On the other hand, when λ/h < 9, the roughness sees the flow consisting of disorganized and highly intense activity in the near-wall region, the size of this region is dependent on λ/h.
The results clearly indicate that when the roughness distribution is more symmetric and well spread out the effects of roughness are dominant both for the mean velocity as well as turbulence. An important conclusion of this study is that in addition to λ avg /h max , the skewness and kurtosis are the important metrics that need to be considered to classify the flow over random roughness.
